A fast and convenient method is developed for simultaneously patterning inorganic nanoparticles with different optical, electronic or magnetic functionality to specific surface regions, by spin-casting onto microcontact printed substrates blend solutions in which the two nanoparticle types are functionalized with surface polymer brush layers of different surface energies. The process is based on phase separation of different nanoparticles based on their immiscible brush layers during spin-casting, with the underlying surface energy heterogeneity of the patterned substrate directing the different NP types to domains of different surface energies.
Introduction
Organizing nanoparticles (NPs) into micro-and nanoscale structures on surfaces has various applications in medical diagnostics, 1,2 sensing, 3, 4 nano-and optoelectronic devices, 5, 6 light emitting diodes, 7 and photovoltaics. 8 A variety of techniques have been applied to this challenge including scanning probe-related patterning techniques, [8] [9] [10] [11] [12] [13] [14] the use of optical tweezers to position NPs on surfaces, 15, 16 microcontact printing, 7,17-21 layer-by-layer assembly techniques 22, 23 and various other lithographic approaches. [24] [25] [26] [27] [28] The ability to fabricate patterned structures of multiple NP types with different functionalities (such as optical properties) opens up many new routes to design micro and nanodevices. Hua et.al. employed a layer-by-layer assembly approach combined with lithography to obtain a pattern of two types of NPs, where each one is directed to the desired location on the surface to form striped pattern of NPs; 29 although this technique results in high precision patterning, it is a labor-intensive multistep process. Jamshidi et.al. developed an elaborate technique termed "nano-pen" to pattern multiple NPs using optoelectronic tweezers to collect and immobilize them into patterned structures via electrokinetic forces. 30 Vossmeyer et.al. reported a selective deposition technique for patterning multiple NP types through selective deposition of each NP type onto chemically distinct interaction sites of a substrate, which was prepared by lithographic masking. 31 However, there is still the need for a fast, simple and efficient approach to patterning structurally-and compositionally-complex NP containing films.
Microcontact printing (µCP) is a convenient technique for patterning colloids, polymers and NPs. [32] [33] [34] [35] [36] Here, we develop a versatile technique based on µCP for simultaneous patterning of multiple NP types to discrete surface locations using a facile single-step spin-casting process.
Our method is based on directed phase separation of polystyrene/poly(methyl methacrylate) 3 (PS/PMMA) blend films [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] via spin-casting onto pre-patterned octadecyltrichlorosilane (OTS) on glass, as developed previously in our group. 36 Also in that work, the methodology was extended to patterning of CdS quantum dots (QDs), by replacing PS homopolymer within the spin-cast solution with PS-coated CdS QDs (PS-CdS); the QDs possessed similar surface energy to the PS homopolymer and therefore localized selectively above the OTS lines. In this paper, this technology is further extended to include the simultaneous patterning of PS-CdS QDs--that should be directed to the lower-surface energy OTS lines of the substrate--and PMMA-coated Ag NPs (PMMA-Ag), which should be directed to the higher-surface energy regions between the OTS lines. Our main interest in polymer-supported patterns of Ag NPs and CdS QDs is to provide a suitable proof-of-concept system for simultaneous creation of patterns containing multiple NPs. However, this specific combination of NPs also exhibits interesting optical behaviour as a result of QD-surface plasmon interactions, which will be discussed in a forthcoming publication.
Experimental
Materials. Three different PS homopolymer samples with molecular weights (Mw) of 131,000 g/mol (previously synthesized in our group by anionic polymerization), 33,000 g/mol (Polymer Source Inc.) and 6000 g/mol (Polymer Source Inc.) were used for mixing with the NP blends; they are denoted in the text as PS 131k, 33k and 6k, respectively. PMMA homopolymer with Mw = 120,000 g/mol (denoted as PMMA 120k) was also used as received from Aldrich.
Synthesis of PS-Coated CdS Quantum Dots (PS-CdS). The polystyrene-coated CdS
QDs (PS-CdS) used in this work is similar to that described in previous work from our group. [50] [51] [52] [53] In summary, QDs were synthesized via templated growth of CdS in the cores of reverse micelles consisting of polystyrene-block-poly (acrylic acid) copolymer PS(226)-b-PAA (22),   4 where numbers in brackets indicate number-average degrees of polymerization for each block.
The core of each PS-CdS contains a ~5 nm CdS nanoparticle (determined from UV-vis and using Henglein's empirical relationship), 54, 55 with a poly(cadmium acrylate) (PACd) layer at the CdS surface, covalently-attached to a solubilized external PS brush layer.
Synthesis of PMMA-Coated Silver Nanoparticles (PMMA-Ag). For the synthesis of poly (methyl methacrylate)-coated silver nanoparticles (PMMA-Ag), poly (methyl methacrylate)-block-poly (acrylic acid) copolymer, PMMA(170)-b-PAA (28) , where numbers in brackets indicate number-average degrees of polymerization for each block, was purchased from Polymer Source Inc. Silver acetate 99.99%, sodium borohydride (NaBH4) and methanol (99.8+ %) were purchased from Aldrich. Reagent grade THF was purchased from Anachemia.In order to prepare PMMA-Ag, first a 2 wt % solution of PMMA(170)-b-PAA(28) was prepared in reagent grade THF and stirred for 3 h. In the meantime, a 0.25 M suspension of silver acetate in deionized (DI) water was prepared and a stoichiometric amount (measured as 1 Ag + to 1 acrylic acid repeat unit) was added quickly in a single shot from a volumetric pipette to the copolymer solution with constant and rapid stirring. The reason for adding silver acetate from a concentrated suspension was to keep the amount of water in the reaction solution at a minimum, in order to avoid precipitation of copolymer from the THF solution. The reaction solution immediately turned from clear and colourless to turbid bluish indicating the formation of micelles. After 1 h stirring, the reducing agent, which is 0.50 M aqueous solution of NaBH4, was added to the solution in variable excess amounts relative to the molar amount of added silver acetate. Reduction of Ag + to Ag results in a color change of the solution to dark yellow. The solution was stirred overnight and then precipitated into cold methanol. The collected precipitate 5 was washed with methanol several times and dried overnight under vacuum. This procedure is illustrated by the schematic depiction in Figure 1 . 
Preparation of Polydimethylsiloxane (PDMS) Stamps for Microcontact Printing.
Masters with microscale periodic stripe patterns were obtained using commercial compact discs (CDs). Top layers on a CD were removed revealing the underlying polycarbonate layer with the desired topographic features. The polycarbonate was used as the master, and a 10:1 (v/v) ratio of prepolymer to curing agent for polydimethylsiloxane (PDMS) (Dow Corning: Sylgard 184 DC-184 A and DC 184-B) were mixed and poured over the polycarbonate master. The PDMS was cured for 4 h at 80˚C. The topology of the resulting PDMS stamp consisted of periodic raised stripes corresponding to the troughs of the polycarbonate masters. The PDMS stamps were sonicated in a 1:2 (v:v) solution of ethanol/deionized water immediately prior to use.
Microcontact Printing of Glass Substrates with Octadecyltrichlorosilane (OTS).
Glass cover slips (VWR scientific, 18 x 18 mm) were cleaned by sonication for 10 min in 95% 6 ethanol, followed by 10 min sonication in deionized water. To introduce a layer of hydroxyl groups on the glass surface, the coverslips were submerged in a piranha solution at 70 °C for 30 min. Piranha solution consists of a 3:1 (v/v) mixture of concentrated H2SO4 and 30% H2O2.
(Warning: piranha solution is a strong oxidizing agent, so extreme care is necessary when using it.) Following piranha treatment, the coverslips were sonicated in DI water for 10 min and then rinsed with methanol, followed by two further repetitions of the sonication/rinsing process. The resulting hydrophilic glass substrates were dried with a UHP N2(g) stream and used immediately for μCP. The ink for CP was prepared by dissolving octadecytrichlorosilane (OTS, Aldrich) in anhydrous hexane (≥99%, Aldrich) under UHP N2 (g) to obtain a 5 mM silane solution. For inking the PDMS stamp, an unpatterned smooth block of PDMS was used as an ink pad. One drop of the ink solution was spin-cast onto the pad at 3000 rpm for 30 s followed by 20 s drying under a stream of UHP N2 (g). Then a PDMS stamp was brought into contact with the inked pad for 10 s. The inked PDMS stamp was then used to transfer the OTS molecules to the surface of a Preparation of Spin-Cast Films. One drop (~50 L) of the blend solution was spin-cast onto a patterned or unpatterned glass coverslip for 30 or 60 s at either 3000, 6000 or 9000 rpm.
The drop was applied after the substrate reached the desired spin speed. This droplet was deposited onto the centre of the spinning substrate using a microsyringe. Spin-cast films appeared uniformly transparent, and were dried overnight under vacuum prior to characterization, and subsequently stored in covered glass petri dishes kept in the dark.
For each composition and preparation condition, three separate samples of each film were prepared for a complete characterization to determine reproducibility of the process. Unpatterned glass substrates were cleaned prior to spin-casting by sonication in methanol, chloroform, toluene and acetone each for 10 min. blended films supported on a glass coverslip were taped to a glass microscope slide with the polymer film sandwiched between the slide and coverslip. Zeiss Immersionsoel 518 C oil was deposited between the objective lens and the coverslip in order to provide a constant-refractive index media between the objective lens and the glass coverslip.
UV-Vis and FTIR

Results and Discussion
Synthesis and Characterization of PMMA-b-PAAg Reverse Micelles. Poly(methyl methacrylate)-block-poly(silver acrylate) (PMMA-b-PAAg) micelle preparation is the first step in the synthesis of PMMA-Ag NPs, before the reduction of metal ions to form the encapsulated metal NP (Figure 1 ). The hydrodynamic radius (Rh) of the resulting micelles was measured in toluene by DLS; the average value between three runs resulted in Rh = 36 nm.
Synthesis and Characterization of PMMA-Ag Nanoparticles. The chemical reduction of silver-loaded reverse micelles to PMMA-stabilized Ag NPs results in the formation of NPs with size and properties that are dependent on the chemical conditions. An important factor that strongly affects the properties of the resultant NPs is the amount of reducing agent relative to the number of metal ions. 56 In this work, the reduction of Ag + to form NPs was performed using NaBH4, which is a versatile reducing agent commonly used for Ag NP synthesis. 57, 58 To ensure that NaBH4 does not affect the polymeric stabilizer surrounding the NPs, FTIR spectra were collected for the PMMA-b-PAAg micelle sample before adding the reducing agent, as well as for PMMA-Ag after reduction using a 10x molar excess of reducing agent (i.e. 10 NaBH4:1 Ag + ).
Identical carbonyl stretching absorption peaks were observed for both spectra, indicating the polymer interacting with the surfaces of the NPs is largely unaffected during the reduction reaction.
To investigate the influence of the amount of the reducing agent on the properties of the synthesized NPs, three different samples were prepared each with a different amount of NaBH4.
PMMA-Ag prepared with 5x, 8x and 10x excess of the reducing agent relative to the molar amount of Ag + were prepared for this study. These samples are designated PMMA-Ag1,
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PMMA-Ag2, PMMA-Ag3, respectively. A detailed characterization of all three samples is presented here.
The crystal structure of the Ag cores for PMMA-Ag1, PMMA-Ag2, and PMMA-Ag3 were characterized using XRD (Figure 2 ). For all three samples, the observed peaks match a crystal structure of silver-3c syn (pink traces shown on the XRD patterns). 59, 60 This structure has been reported as a common structure for stable Ag NPs and is a face centre cubic structure with diffraction peaks at 2 = 58°, 68° and 105° corresponding to the (111), (200), and (220) planes. 59, 60 The XRD patterns also show additional peaks at 2 = 65° and 83° which may be attributed to silver oxides or other impurities. 61 These two impurity peaks appeared much weaker for the PMMA-Ag3 sample, prepared using the largest relative amount of reducing agent. DLS and TEM results both demonstrate that increasing the amount of reducing agent is causing first an increase and then a decrease in the size of NPs. This size analysis also indicates that the lowest polydispersity of NPs is obtained for the sample prepared using the largest amount of reducing agent (PMMA-Ag3). Another difference between the three PMMA-Ag NPs is their core morphologies. Nanoparticles prepared within block copolymer micelles use a smaller amount of reducing agent typically results in NPs with exclusively a "cherry-like" (one NP per micelle) morphology (Figure 4a ). In contrast, ~8% of the cores prepared by the reduction reaction with the highest amount of reducing agent (10x excess) forms a "raspberry-like" morphology with many small NPs per micelle (Figure 4b) . This difference can be understood based on the rates of nucleation for each sample. The PMMA-Ag3 sample would have the highest rate of nucleation corresponding to the highest amount of reducing agent, which can produce multiple nucleation sites per core. 56 demonstrate the difference between these two morphologies.
Extinction spectra for the three different PMMA-Ag NP samples reveal the shape and position of their surface plasmon (SP) bands ( Figure 5 ). For the NPs prepared with the least amount of reducing agent (PMMA-Ag1), a broad SP band is observed at 407 nm. Increasing the amount of reducing agent to 8x (PMMA-Ag2) sharpens and shifts the peak to 417 nm. The sharpest SP peak (positioned at 419 nm) was observed for the sample prepared using 10x excess NaBH4 (PMMA-Ag3). In all spectra, we also observed a shoulder at ~350 nm that became weaker with increasing amounts of reducing agent. This SP shoulder may be attributed to a broad Ag NP size distribution, which becomes narrower as the amount of added reducing agent increases, as shown in Figure 3 . Considering the various figures of merit for the PMMA-Ag samples described above, including crystalline purity, sharpness of the SP peak, and size and polydispersity of the particles, we used the samples prepared with 10x excess reducing agent (PMMA-Ag3) for the patterning experiments described in the remainder of this work. In summary, PMMA-Ag3 consists of Ag nanoparticles with mean radius of ~15 nm, a collapsed PAA layer on the surfaces of the Ag NPs, and a solvent-swollen covalently-attached PMMA corona (Figure 1 ). The hydrodynamic radius (Rh) of the particles in toluene is ~36 nm (suggesting a ~20 nm-thick polymer layer surrounding each nanoparticle in solution) consisting of on average ~45 copolymer chains (from SLS). To understand the absence of phase-separated structure in these blends, we consider what happens within the spin-cast solutions as the solvent evaporates. Both PS-CdS and PMMA-Ag NPs can be described as spherical polymer brushes. The PS or PMMA chains are attached at one end to relatively small and compact NP cores, resulting in a large, expanded, and highly solventswollen coronae. The interactions between spherical polymer brushes, in the form of reverse block copolymer micelles in organic solvents, have been described in detail by Gast and coworkers. [63] [64] [65] At micelle volume fractions above the critical overlap concentration, the steric repulsion between overlapping coronal chains of approaching micelles effects repulsive "soft-sphere" intermicellar interactions, leading to micelle ordering into a body-centered cubic (BCC) lattice. Such ordering has been found to effect gel formation with a dramatic increase in viscosity and extremely limited particle mobility. We believe similar gelation of PS-CdS/PMMA-Ag NPs as the solvent evaporates during spin-casting leads to their highly restricted mobility, providing a strong kinetic constraint on domain formation and growth despite the thermodynamic driving force for PS-CdS and PMMA-Ag NPs to phase separate. In other words, once the PS-CdS and PMMA-Ag NPs are "frozen" into a gel, they have very limited translational mobility and cannot, therefore, segregate into microscale phase domains before the solvent is completely depleted and the polymer blend becomes vitrified. A schematic of gelation of toluene-swollen PS-CdS and PMMA-Ag NPs into a BCC array at a point in the spin-casting process when the extent of toluene evaporation is sufficient for neighboring brushes to overlap but insufficient to trigger phase separation, is represented in Figure 7a ; here, the PS-and PMMA-coated particles are shown to be statistically mixed within the gel due to their common solvation by toluene. Subsequent to the time represented in Figure 7a , continued removal of toluene will make phase separation between PS-CdS and PMMA-Ag thermodynamically favourable, although the slow dynamics of the gel state will severely limit the length scale over which phase domains can develop.
Spin-Cast Films of PS-CdS
Spin-Cast Films of PS-CdS/PMMA-Ag Blends with Added Homopolymer on
Unpatterned and Patterned Glass Substrates. In order to prevent gelation of the PS-CdS and PMMA-Ag NPs, we decided to add PS, PMMA, or a mixture of PS/PMMA homopolymers to the blend solutions prior to spin-casting. The idea is to increase the free volume between NPs and to prevent the overlap of approaching NP brushes and the resulting soft-sphere ordering during solvent evaporation by adding homopolymer to the spaces in between the brushes. To 19 investigate the effect of added homopolymer on the phase-separation, we first added PS homopolymer with three different Mw values of 6k, 33k and 131k g.mol -1 , each at 10 wt % relative to the total polymer composition, while maintaining a PS (PS + PS-CdS)/PMMA (PMMA-Ag) ratio of 30/70 (w/w). The three resulting blends are described as PS (6k, 33k, or 131k)/PS-CdS/PMMA-Ag 10/20/70 (w/w/w). All blends were spin-cast at a polymer concentration of cp = 1.0 wt %. Since Figure 6 shows PS-CdS/PMMA-Ag blends spin-cast at 4.0 wt %, we also carried out the control experiment at cp = 1.0 wt % for the blend without added PS; similar to the 4.0 wt % case, no discernible phase separation on the micron-scale was observed by AFM analysis in these control cp = 1.0 wt % blends. addition of high-Mw PS to the NPs blend forming a "dry-brush" blend. As discussed in the text, the (c) case is more effective at preventing gelation and promoting phase separation, since it leads to increased free volume and greater separation between approaching spherical brushes.
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In contrast to Figure 6 , AFM of various blends on clean glass (Figure 8, a to c) show that the addition of PS homopolymer increases the extent of phase-separation and that the size of the resulting phase domains increases as the Mw of the added homopolymer increases. Specifically, very fine but difficult to measure domains were observed in the PS(6k) blend, whereas the measured average domain sizes increased to 0.2 ± 0.1 µm and then to 0.4 ± 0.1 µm in the PS(33k) and PS(131k) blends, respectively. The observed trends suggest that higher Mw homopolymer increase the particle mobility (by impeding gelation) to a greater extent than lower Mw homopolymer. This trend is explained by the relative tendency of different sized homopolymers to intercolate into the solvent-swollen brushes of the NPs. It is found that when the homopolymer is on the same order or greater than the size of the brush chains, there is an entropic tendency for the chains to be excluded from the brush and occupy the interparticle spaces; this is referred to as the "dry brush" case. [66] [67] [68] Conversely, when the Mw of added homopolymer is smaller than that of the similar polymer brush, the homopolymer gets included in the brush; this is referred to as the "wet brush" case. In our system, the NP mobility should be increased to a greater extent when most of the homopolymer is localized between the NPs ("dry brush" case) rather than within the brushes ("wet brush" case), since the former case has a more direct and clear influence on increasing the separation between NPs, thus preventing interparticle overlap and ordering. This explains the relative increase in the characteristic length scale of phase separation, d, as a function of increasing PS Mw added to the blends (Figure 8, a-c) .
Schematics describing the effects of adding low and high Mw homopolymer to the NP blends are illustrated in Figure 7 , b and c, respectively. Figure 11 ) demonstrate the long-range patterning of these blends. The improvement is more obvious for the 1.0 wt % case (Figure 11b) , which shows the least number of bridging defects in the patterned domains. We note that high (light) and low (dark) regions in the observed topological AFM images should correspond to phase-separated PMMA and PS domains, respectively. It is well established that when PS/PMMA blends are spin-cast from toluene, the PS domains will be more highly solvent-swollen and, therefore, collapse to a lower height upon final removal of solvent. The resulting areas of high and low regions in Figure 11b also appear to correspond to the 30/70 ratio of the respective components in the blend. Since CdS QDs and Ag NPs will be localized in the PS and PMMA domains, respectively, due to their distinct surface coatings, the AFM image is Figure 11b suggests a successful simultaneous patterning of CdS QDs and Ag NPs into discrete domains of a striped array covering a large area and accomplished in a single, fast spin-casting step. 
Conclusions
In this work, we developed a fast, single-step methodology to simultaneously pattern two types of inorganic NPs (e.g., CdS QDs and Ag NPs) by spin-casting onto chemically-patterned substrates, which were prepared by microcontact printing OTS onto hydrophilic glass. This process is based on surface energy heterogeneity of the patterned substrate that directs the specific NP types according to the surface energies of their respective polymer brush layers. One challenge addressed in this work was the gelation of solvent-swollen polymer-brush coated NPs during spin-casting and solvent evaporation, which introduced a strong kinetic constraint on the phase separation and subsequent localization of different NP types. This constraint was successfully lifted by adding PS, PMMA or PS/PMMA homopolymers of sufficiently high Mw to the NPs blends to increase the separation between approaching spherical brushes, preventing gelation and thus allowing phase separation and nanoparticle localization to occur. Pattern replication was then fine-tuned by changing variables, such as solution concentration and spinning speed, to obtain distinct nanoparticle-containing domains that were addressed to specific regions of underlying OTS-patterned substrate. We believe that this methodology is general and flexible, and can be applied to patterning different types of NPs into a wide variety of device-oriented polymer/nanoparticle hierarchical structures.
